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ABSTRACT 
High-resolution total column ozone data from the Earth Probe Total Ozone Mapping 
Spectrometer (BP/TOMS) are used in conjunction with potential vorticity (PV) from NCEP's 
Rapid Update Cycle (RUC) and Eta mesoscale model analyses to examine the role of 
stratospheric air and rapid PV fluctuations in two severe weather events accompanied by 
pronounced stratospheric intrusions. 
Backward trajectories, determined from the Eta model, were used to examine the role 
of descending dry stratospheric air in severe weather not associated with thunderstorms and 
within severe thunderstorms. Agreement between the total ozone and PV data supported the 
notion of stratospheric descent. Detailed vertical structure in the PV appears to be captured 
by small-scale variations in the total ozone. Also, the total ozone data identified mesoscale 
features that may be useful in model verification. fu addition, the total ozone data was able to 
distinguish between PV of stratospheric origin and PV diabatically generated in the 
troposphere. 
Another severe weather event analyzed exemplifies the need to use chemical traces, 
such as ozone and water vapor, in addition to isentropic PV to indicate air mass origin. This 
particular case appeared to have enhanced total ozone concentrations unaccompanied by high 
PV values. Again, backward trajectories from the Eta model were used to discern the 
diabatic or diffusive processes that may have been responsible for the lack of correlation. 
These results are significant to tropospheric-stratospheric exchange studies indicating that 
isentropic PV alone is an insufficient indicator of air mass origin. 
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CHAPTER 1. GENERALINTRODUCTION 
Literature Review 
Potential vorticity (PV) and ozone have frequently been used in examining upper 
tropospheric dynamics. Hoskins et al. [1985] and Morgan and Nielsen-Gammon [1998], 
among others have discussed the benefits of using PV on an isentropic surface. However, the 
utility of using the ozone data in meteorological applications still requires further research. 
This thesis will examine two severe weather events using PV and total column ozone and 
will provide evidence of the usefulness of the total column ozone data for mesoscale analysis. 
PV has been commonly used in analyzing frontogenesis and its relationship to 
tropopause folds since the early works of Reed and Sanders [1953], Reed [1955], and Reed 
and Danielsen [1959]. Tropopause folds are events in which stratospheric air intrudes into 
the troposphere (see, for example, Danielsen 1968). fu some cases, stratospheric air can be 
seen as low as ~800 hPa [Reed, 1955; Uccellini et al., 1985; Browning and Reynolds, 1994]. 
Tropopause folds are accompanied by large PV values due to the stratospheric origin of air. 
This can be seen Ertel' s PV equation, PV = - g17 ae / dp, where 11 is the absolute isentropic 
vorticity, g is the gravitational constant, andd0/dp is the static stability, with ebeing the 
potential temperature. For adiabatic and frictionless motion, air parcels will conserve PV 
values, usually measured in potential vorticity units (PVU), where lPVU = 10-6 m2 K ki1 s-1. 
Stratospheric air descending to lower altitudes has been examined for its impact on 
severe weather. Browning and Reynolds [1994] examined a tropopause fold event over the 
United Kingdom where descent of stratospheric air corresponded with a region of damaging 
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surface winds (gusting 36 ms-1)_ The damaging winds were attributed to the turbulent winds 
at the inversion being mixed down into the boundary layer. Browning and Reynold's [1994] 
results suggest that tropopause folds have a direct role on severe weather not associated with 
thunderstorm activity. Recently tropopause folds have been examined for their role in severe 
weather associated with thunderstorms. A convective environment may be enhanced by dry 
stratospheric air descending to mid levels. fu the central United States, dry mid-tropospheric 
air is often observed during severe weather events originating from the southwest deserts and 
Mexican plateau. The dry air overrides low moist air, creating potential instability. A similar 
result could occur if dry stratospheric air descended to relatively low elevations. A study by 
Griffiths and Thorpe [2000] examined how tropopause folds could create potential instability. 
Their results concluded that tropopause folds could destabilize the atmosphere and 
potentially cause local severe weather outbreaks. 
Tropopause folds are also indicated by chemical tracers, such as ozone or water 
vapor. Total column ozone data are helpful in identifying regions of strongest stratospheric 
descent. This can be seen by the relationship n oc J pxdz, where n is total column ozone 
(referred as total ozone), oc is proportionality expression, pis density of air, Xis ozone 
mixing ratio, and z is geometric height. Total ozone is generally expressed in Dobson units 
(DU), where 1 DU= 10-5m at standard atmospheric temperature and pressure. As ozone-rich 
stratospheric air descends through a tropopause fold the total ozone increases. From the 
above equation, ozone of a given mixing ratio at lower altitudes will contribute more to the 
total ozone, due to greater air density at lower heights. 
Since tropopause folds consist of ozone-rich air and high PV values, many studies 
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have studied the correlation between ozone and PV. Danielsen [1968] compared ozone 
mixing ratios with PV data at several stations and found a good correlation existed. Other 
studies also found a correlation between ozone and PV [Vaughan and Begun, 1989; Allaart et 
al., 1993; and Langford et al., 1996; Ravetta et al., 1999]. Recently, Olsen et al. [2000] 
compared high horizontal-resolution total ozone data with PV from a mesoscale analysis and 
found that fine-scale structure in the model analysis agreed well with the total column ozone 
data. 
However, there are times in which the PV and total ozone correlation disappears. In 
some events, high concentrations of ozone exist with relatively low tropospheric PV values. 
Bithell et al. [2000] found high ozone mixing ratios in the troposphere not associated with 
any dynamics. Using isentropic trajectories, they concluded that the PV of the stratospheric 
air was lost due to diabatic processes above the level of maximum heating and the ozone 
signature was retained. In other cases, high PV values (normally indicative of stratospheric 
air) have been observed in conjunction with weak or diluted ozone concentrations. Shapiro 
[1980] found anomalous high PV values without any ozone signature. The PV increase was 
concluded to be due to jet streak dynamics. Ravetta et al. [1999] found similar results. 
Parcels entering a region of diabatic heating will experience an increase in PV while below 
the level of maximum heating [Joly and Thorpe, 1989; Beekman et al., 1994; and Pomroy 
and Thorpe, 2000]. Once a parcel moves above the level of maximum heating, its PV is 
destroyed [Lamarque and Hess, 1994; Beekman et al., 1994; Bithell et al., 2000; and Pomroy 
and Thorpe, 2000; Whitaker et al., 1988, Morgan and Nielsen-Gammon, 1998]. Diffusive 
processes can also generate PV. Shapiro [1976, 1978,1980], Haynes and McIntyre [1980] 
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and Keyser and Rotunno [1990] discussed how turbulence was generated by the vertical wind 
shear above and below a jet streak. Large values of PV are generated as a result of the 
turbulent mixing. Thus, anomalous high PV values can be found without a chemical 
signature,· such as ozone. High valu~s, of PV generated through diabatic and diffusive 
processes may be misleading i.n dete~njng t~e origin of t~e. parcel~ and ozone data may 
provide additional support of the parcel's origin. 
Thesis Organization 
The purpose of this research is to use high-resolution total ozone and PV data to 
examine the role of stratospheric air and rapid upper tropospheric PV fluctuations in two 
severe weather events accompanied by pronounced stratospheric intrusions. Chapter 2 and 3 
are in the form of journal articles. In Chapter 2, the role of stratospheric air in a severe 
weather event on April 8, 1999, is examined. Backward trajectories were used to determine 
if stratospheric air played a direct or indirect role in the severe weather not associated with 
thunderstorms and the severe weather within thunderstorms. High-resolution total ozone data 
provides supporting evidence of the location of strongest stratospheric descent and shows the 
potential use of the total column ozone data in model verification. Chapter 3 describes the 
severe weather event occurring on May 15, 1998, and examines the rapid upper tropospheric 
PV fluctuations. The total ozone data may be of significant importance in evaluating origin 
of air parcels and cross-tropopause exchange. In addition, this case shows how isentropic PV 
alone is an insufficient indicator of parcel origin when diabatic and diffusive processes are 
important. Finally, Chapter 4 summarizes the benefits of using total ozone data for analysis 
r 
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in the two cases examined. 
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CHAPTER 2. THE ROLE OF STRATOSPHERIC AIR IN A SEVERE 
WEATHER EVENT: ANALYSIS OF PV AND TOTAL OZONE 
A paper submitted to the Journal of Geophysical Research 
Melissa A. Goering, William A. Gallus Jr., Mark A. Olsen, John L. Sta_nford 
Abstract 
The role of dry stratospheric air descending to low and middle tropospheric levels in a 
severe weather outbreak in the Midwest is examined using NCEP Eta model output, Rapid 
Update Cycle (RUC) analyses, and Earth Probe Total Ozone Mapping Spectrometer 
(BP/TOMS) total ozone data. Severe thunderstorms in the central United States are often 
associated with a capping inversion of relatively warm, dry air that- delays the release of 
CAPE until very unstable conditions have developed. The inversion has generally been 
attributed to dry mixed layers that advect off the higher terrain of the arid southwest and 
Mexican plateau. Dry air that descends from near the tropopause is envisioned in this case to 
help clear skies and increase instability where thunderstorms develop. Backward trajectories 
show stratospheric air descended to 800 hPa just west of the convection. Damaging surface 
winds not associated with thunderstorms also occurred in the region of greatest stratospheric 
descent. Small-scale features in the high-resolution total ozone data compare favorably with 
geopotential heights and potential vorticity fields, supporting the notion that stra,tospheric air 
descended to near the surf ace. Detailed vertical structure ih, the potential vorticity appears to 
be captured by small-scale total ozone variations. The capability of the total ozone to identify 
mesoscale features assists model verification. The total ozone data suggest biases in the RUC 
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analysis and Eta forecast of this event. The total ozone is also useful in determining whether 
potential vorticity is of stratospheric origin or is diabatically generated in the troposphere. 
1. Introduction 
Stratospheric intrusions into the troposphere, sometimes called tropopause folds, 
( descending as low as ~800 hPa) have been analyzed in association with potential vorticity 
(PV) for over half a century [Kleinschmidt, 1951; Reed and Sanders, 1953; Reed, 1955; Reed 
and Danielsen, 1959; Danielsen, 1968; Shapiro and Keyser, 1990; Uccellini et al., 1985, etc]. 
The association of high values of PV with the stratosphere is clearly seen in the PV equation 
by Ertel [1942], PV = -g17 d0/ dp. The equation is shown in isentropic coordinates where T/ 
is the absolute isentropic vorticity, g is the gravitational constant, andd0/dp is the static 
stability, with 0 being the potential temperature. For adiabatic and frictionless motion, air 
parcels will conserve PV values, usually measured in potential vorticity units (PVU), where 1 
PVU = 10-6 m2 K kf 1 s-1• Studies have commonly designated the dynamic tropopause using 
PV values ranging from 1.0 PVU [Bithell et al., 2000; Hoskins et al., 1985] to 3.5 PVU 
[Hoerling et al., 1993; Spaete et al., 1994]. In the present study, stratospheric air will be 
defined using PV values 2 PVU. 
Tropopause folds have also been examined in relation to severe weather not directly 
associated with thunderstorms. Browning and Reynolds [1994] studied a tropopause fold 
event over the United Kingdom that caused damaging surface winds (gusting 36 ms-1). The 
damaging winds were attributed to the downward momentum associated with the tropopause 
fold. Knowledge of how stratospheric air may also affect severe thunderstorms is important; 
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the convective environment may be enhanced when drier stratospheric air descends to mid 
levels. fu the central United States, dry tropospheric air is often observed during severe 
weather events to originate from the southwest deserts and Mexican plateau and override low 
moist air, creating potential instability. A similar result could occur if dry stratospheric air 
descended to relatively low elevations [Griffiths et al., 2000]. fu Koch and Kocin's [1991] 
study, line convection developed due to the mid-tropospheric air descending. However, they 
felt that stratospheric air may have been entrained. The role of stratospheric air in severe 
weather both apart from and within thunderstorms needs to be investigated for potential use 
in predicting damaging winds and enhancement of atmospheric instability. 
The folds are not only associated with high values of PV intruding into the 
troposphere, but also ozone. As stratospheric ozone-rich air descends in a tropopause fold, 
the total column ozone ( or total ozone) increases. This relationship can be expressed as 
[Ziemke and Stanford, 1994] 
(1) 
where Q is total column ozone, cc is proportionality expression, pis density of air, Xis 
ozone mixing ratio, and z is geometric height. Total column ozone is generally expressed in 
Dobson units {DU), where 1 DU = 10-5m at standard atmospheric temperature and pressure. 
From the above equation, ozone of a given mixing ratio at lower altitudes will contribute 
more to the total ozone, due to greater air density at lower heights. 
Danielsen [1968], Vaughan and Begun [1989], Allaart et al. [1993], Langford et al. 
[1996], and Ravetta et al. [1999] provide evidence for a correlation between ozone and PV. 
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Both quantities are approximatelyconserved on synoptic time scales [Davis et al., 1999] 
(dissipation rates will be discussed in a subsequent paper). Recently, Olse,n et al. [2000] 
compared high horizontal resolution ( ~40km) total column ozone with PV from a mesoscale 
model analysis of similar resolution. Fine-scale structure in the model analysis agreed well 
with the total column ozone data. Although the correlation between ozone and PV has been 
well established, the usefulness of the total column ozone data as an analysis or forecasting 
tool requires further investigation. 
The purpose of this paper is to examine a severe weather event associated with an 
intense cyclone accompanied by a pronounced stratospheric intrusion. Backward trajectories 
determined from a mesoscale model and high-resolution satellite-derived total column ozone 
observations are used to analyze the role that the stratospheric air played in the event. The 
data used are described in section 2. The role of descending dry stratospheric air in severe 
weather not associated with thunderstorms and within severe thunderstorms is examined in 
section 3, using backward trajectories. Comparisons of high resolution total column ozone 
data with model analyses will be presented in section 4. Finally, a summary of results and 
suggested uses of total column ozone data for weather prediction and model verification are 
discussed in section 5. 
2. Data and Methodology 
2.1 Model Output 
The analyses used to show the development of the cyclone are from the National 
Center for Environmental Prediction's (NCEP) RUC model provided by the University 
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Corporation for Atmospheric Research UNIDATA program. The RUC data are interpolated 
vertically from 40 vertical levels (a hybrid of sigma and theta), to 19 evenly-spaced isobaric 
levels between 1000 hPa and 100 hPa and interpolated horizontally to an 80 km resolution 
grid. The RUC analyses combine rawindsonde, aircraft, profiler, and surface observations. 
An advantage of the RUC model is that the vertical coordinate is isentropic in the upper 
troposphere and lower stratosphere providing relatively fine vertical resolution, and the 
model uses high frequency data assimilation [Benjamin et al., 1994]. 
The RUC model analyses are compared with output from a workstation version of the 
NCEP Eta model [e.g., Janie, 1994] run with 40 km horizontal resolution, 45 vertical levels 
and a model top of 25 hPa. Although sensitivity tests showed the use of 100 hPa as the 
model top did significantly change results, 25 hPa was chosen because it should better 
resolve upper level features. Lateral boundary conditions and initial fields for the ET A 
model were supplied from the 80 km RUC analyses. Therefore, comparisons between the 
ETA and RUC models are not completely independent. To determine backward trajectories 
the ETA model was initialized with the RUC analyses at 12 UTC on April 7 and 00 UTC and 
12 UTC on April 8, 1999, and integrated for 12 hours in all three runs. 
2.2 Total Column Ozone 
The total ozone data used in this study are from the polar orbiting Earth Probe Total 
Ozone Mapping Spectrometer (BP/TOMS) at an altitude of 750 km. The BP/TOMS scans 
from right to left in 3° steps, with a total of 35 measurements taken before beginning a new 
scan line. Each scan line is perpendicular to the direction of satellite motion. BP/TOMS total 
ozone is derived by comparing measured radiances with theoretical radiances [McPeters et 
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al., 1998]. The total ozone used in the present study is from EP/fOMS along-track, 
nongridded, Level 2 data provided by the National Aeronautics and Space Administration/ 
Goddard Space and Flight Center. The horizontal resolution is ~40 km for the nadir 
observations, degrading for increasing scan angles. Total ozone data from an orbit crossing 
the equator at 17:50 UTC will be compared with heights, winds, and PV from the 18 UTC 
RUC analysis. 
3. Meteorological Analysis 
3.1 Surface and 500mb Evolution 
On April 8, 1999, severe thunderstorms developed across Nebraska, Iowa and 
Missouri producing several tornadoes,> 4 cm diameter hail, and winds> 30 ms-1 [NCDC, 
1999]. Although our case does not meet the definition of 'explosive' cyclogenesis (24 hPa 
drop in 24 hours) noted by Sanders and Gyakum [1980], the deepening of the cyclone is still 
considerable, with a drop of 12 hPa in 18 hours. The surface and 500 hPa evolution during 
the morning of April 8, 1999, can be seen in Fig. 1. 
On the evening of April 7, surface low pressure was developing over the Rocky 
Mountains as the 500 hPa trough deepened in the Four Comers region (not shown). From 00 
UTC to 12 UTC, the surface low pressure intensified by 8 hPa as the 500 hPa heights began 
to fall in the Southern Plains, indicating strong dynamic forcing. By 12 UTC (Fig. la), the 
surface low with central pressure of 990 hPa was located over southwest Nebraska. Also at 
this time, a dryline was evident from western Kansas extending southward through Oklahoma 
and Texas (pressure trough in Fig. la). The warm front can be seen by the kink in the isobars 
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(Fig. la) stretching along the Nebraska-Kansas border and eastward through northern 
Missouri. A strong vorticity maximum coincided with lower heights at 500 hPa (Fig. 1 b ). 
At 18 UTC, the surface low reached a central pressure of 986 hPa (Fig. le) in central 
Nebraska. The tightly wrapped circulation, seen in an infrared (IR) satellite image (Fig. 2a) is 
typical of a LC2 baroclinic wave described by Throncroft et al. [1993] in which the system 
wraps up cyclonically during its life cycle. At 500 hPa, a closed low was centered over the 
surface low (Fig. ld), and the closed circulation extended as high as 200 hPa (not shown). A 
closer view of the developing convection in Nebraska and Iowa is shown in Fig. 2b. 
The surface low weakened from 18 UTC on April 8, 1999, to 06 UTC on April 9, 
1999, and moved eastward (not shown). Severe weather continued to develop as it moved to 
the east, producing an F4 tornado in Ohio that killed four people and caused 80 million 
dollars in damage. 
3.2 Isentropic Analyses of PV and pressure 
The PV evolution in the 315-320 Kand 320-325 K isentropic layers, from the RUC 
analysis, (with corresponding pressures on the 315K and 320 K isentropic surfaces) is 
presented from 12 UTC (Fig. 3) to18 UTC (Fig. 4). In the 315-320 K layer at 12 UTC (Fig. 
3a), stratospheric air in west central Montana extends southward over Colorado in a streamer-
like feature [Appenzeller and Davies, 1992]. The 2 PVU contour extends down to 480 hPa in 
southeast Colorado (Figs. 3a and b ). An advantage of using isentropic analyses is that the 
vertical motion may be easily implied from the wind field overlaid on the pressures. If the 
local rate of change of the pressure is small, ap.d adiabatic and frictionless conditions are 
present, ascent occurs when flow is directed from high to low pressure. This can be seen in 
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north central Kansas (Figs. 3b and d). fu the 320-325 K layer (Fig.3c) and higher (not 
shown), the larger PV values indicate more stratospheric air encompassing the northern 
• 
United States with pressures< 300 hPa. 
By 18 UTC, the 2 PVU contour in the central U.S. in the 315-320 K layer (Fig. 4a) no 
longer connected with the region in Montana. This may be due to the 2 PVU contour 
thinning out in a scale-contraction process. Lamarque and Hess [1994] found that as a 
folded region thins with time, there is also an erosion of PV. PV structures are reduced to 
scales that may be unresolvable by model grids [Bithell et al., 1999]. The 320-325 K layer 
shows a pool of stratospheric air residing over central Nebraska with PV > 6 PVU (Fig. 4c). 
The maximum PV is part of the southern extent of a streamer from Montana and Canada that 
has rolled up into a spiral-like form. Similar features can also be seen in Lamarque and Hess 
[1994]. Appenzeller and Davies [1992] and Appenzeller et al. [1996] observed stratospheric 
. intrusions that developed into slender and elongated streamers of PV. A portion of the PV 
would eventually split from the main reservoir and wrap up cyclonically in a pattern similar 
to that in Fig. 4c. fu both the 325-330 K and 330-335 K isentropic layers (not shown), a tight 
gradient in PV exists from Canada through Montana, wrapping cyclonically through Kansas 
and Nebraska. Again cross isobaric flow implying ascent can be seen over Kansas, Nebraska, 
and Iowa in Figs. 4b and d. Downward motion is implied over most of Colorado behind and 
toward the rear of the PV maximum in various isentropic layers. These implied vertical 
motions are supported by detailed parcel trajectories, which will be discussed in the 
following section. 
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3.3 Parcel Trajectories 
Full three-dimensional winds from the 40 km Eta simulations were used to determine 
parcel trajectories. These compared favorably with isentropic trajectories. Although many 
trajectories were examined, only a few are shown here. Trajectories chosen provide 
supporting evidence of stratospheric descent in relation to the total ozone discussed in section 
4. 
3.3.1 Dry Intrusion 
The dry intrusion of air typically descends from the west in or near a tropopause fold 
[Reed and Danielsen, 1959]. Although stratospheric air may be present within the fold, some 
studies have shown that this dry air originates from the upper troposphere near the tropopause 
[Petersen et al., 1984; Mostek et al., 1986]. In many cases, the dry intrusion can easily be 
identified in water vapor images and total ozone data. The dry intrusion signature in the total 
ozone data for this case will be discussed in section 4. The trajectories associated with the 
dry air descending to low levels are found to originate from the upper troposphere and 
stratosphere (Figs. 5a and b ). Although the trajectory origin is not easily identifiable from· 
Fig. 5b, the parcels arriving at 700 hPa and 600 hPa are from the stratosphere. These parcels 
originated 24 hours earlier over southern California and the northern Baja peninsula where 
the dynamic tropopause height was around 500 hPa. Twelve hours prior to arriving at 600 
hPa, the parcel's PV value exceeded 13 PVU near 500 hPa. The parcels arriving at 700 hPa 
also had high PV values for a period of six hours before reaching the border of Nebraska and 
Kansas. During this time PV values decreased as stratospheric air may have been slowly 
diluted as parcels descended to 7 50 hPa. The PV values began to drop below 2 PVU as 
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parcels ascended back to 700 hPa. Tropospheric air may have been entrained in stratospheric 
air as it ascended. Parcels arriving at 500 hPa originated near the tropopause with PV values 
< 2 PVU. However, the parcels' PV values were above 2 PVU in the three hours prior to 18 
UTC. Cloud-cover in this area during this period and the ascent shown in Fig. Sb imply some 
diabatic generation of PV during this time. 
Examination of the parcel's PV values revealed that the dry descending air originated 
from two sources, the stratosphere and upper troposphere. Stratospheric descent correlates 
with the location of the higher band of total ozone in section 4. 
3.3.2 Other Trajectories of Interest 
The complexity of this cyclone is revealed by an evaluation of trajectories in Figs. 5c-
f. Trajectories in Figs. Sc and d are taken from a point near the southernmost extension of the 
tropopause fold. PV along parcel trajectories in mid levels (pressure :s;; 500 hPa) averages 
around 0.5 PVU, indicating tropospheric origin (Figs. Sc and d). The backward trajectory 
from 800 hPa displays an interesting path for the parcel in which its PV value at 18 UTC on 
April 7 was 1.5 PVU. Between 18 UTC on April 7 and 12 UTC on April 8, the parcel's PV 
decreased to around 0.9 PVU and then increased to more than 2.5 PVU between 12 UTC and 
18 UTC as parcels entered the southernmost extent of the tropopause fold. Lamarque and 
Hess [1994] found trajectories for parcels that entered and exited the stratosphere, but their 
study focused more on the processes that caused the stratosphere-troposphere exchange 
(STE). fu STE, Lamarque and Hess [1994] found that diabatic processes were more 
important than diffusive processes. Between 12 UTC and 18 UTC no clouds were present in 
the Texas panhandle (not shown), suggesting that diffusion may have been the primary 
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process in STE near the fold in the present study. This agrees with the findings of Spaete et 
al. [1994] when examining STE in the Presidents' Day Storm. 
Trajectories in Figs. 5e and f show parcel paths and vertical motion, respectively, 
arriving at a single point ( 41 °N and 99°W) near the center of circulation, located southeast of 
the total ozone maximum discussed in section 4. These trajectories depict complicated flow 
patterns within the cyclone, as air from two separate origins combined to produce the mid-
tropospheric dry layer (between 500 and 700 hPa). Trajectories above 650 hPa originated in 
the stratosphere, with some parcels' PV values exceeding 12 PVU twelve hours prior to 18 
UTC. Parcels arriving below 650 hPa originated from lower tropospheric levels that 
ascended over the Rocky Mountains and then descended to lower levels, before beginning to 
ascend again over the Plains. 
The trajectories used here support stratospheric descent to 800 hPa in the 
southernmost extent of the fold and elucidate the origin of parcels near the center of 
circulation in relation to the total ozone maximum in central Nebraska. 
3.3.3 Severe Weather Not Associated with Thunderstorms 
The role of stratospheric air in severe weather not associated with thunderstorms is 
examined in Figs. 6a and b by determining the trajectories of parcels reaching the region 
where damaging winds occurred. Downward momentum of stratospheric air in the 
tropopause fold may have been associated with severe weather across Kansas and the Texas-
Oklahoma panhandle region. Parcels reaching northeast Kansas at 18 UTC (Figs. 6a and b) 
had followed a path across south-central Kansas where damaging winds were reported (gusts 
over 27 ms-1) at 15 UTC. The parcel trajectory from 700 hPa had descended to 729 hPa with 
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a PV value of 3 PVU over the region reporting damaging winds at 15 UTC. Stratospheric 
origin of air is also indicated in the trajectories arriving at 750 hPa. However, the high PV 
values were diluted (below 2 PVU) in the six hours prior to 18 UTC. 
Similar results were seen in parcel trajectories from the northern Texas and Oklahoma 
panhandles. Winds reportedly caused damage at 16 UTC in these regions, where stratospheric 
air had descended to 600 hPa. 
Based on examination of backward trajectories, stratospheric air may have had a 
direct role in producing damaging winds. Clear skies around these times allowed for strong 
surface heating, which in tum enabled boundary layer growth. The deveiopment of the 
convective boundary layer facilitated mixing of the rapidly moving stratospheric air 
downward to the surface. These findings are similar to Browning and Reynolds [1994]. 
3.3.4 Severe Thunderstorms 
In examining the role of stratospheric air in and near severe thunderstorms, we 
initially believed that dry stratospheric air was overrunning the low-level moist air creating 
potential instability as described by Griffiths et al. [2000]. However, detailed PV analyses 
along parcel trajectories revealed that stratospheric air descended ~ 150 km to the west of the 
convection. Dry air overrunning the low-level moist air was found to originate both at high 
levels in the troposphere and lower levels over the Southwestern deserts and Mexican 
plateau. This combination enhanced potential instability and created "loaded gun" type 
thermodynamic profiles [Miller, 1955]. The trajectories associated with regions of 
convection (Fig. 2b) near Norfolk (OFK) and Omaha (OMA), Nebraska and Sioux City 
(SUX), Iowa were examined. 
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The trajectories at SUX (42°N, 96°W) are shown in Figs. 6c and d (the other sites had 
similar results). Parcels arriving at 600 hPa at 18 UTC may have been of stratospheric origin 
because PV values 24 hours earlier were ~ 1.5 PVU. Although the air originating at 18 UTC 
on April 7 was at 509 hPa, a low tropopause existed in the region due to the deep 
stratospheric intrusion mentioned earlier. However, the thermodynamic tropopause 
(temperature lapse rate< 2°C km-1 for a depth of 2 km [WMO, 1986]) was around 400 hPa 
for this case. The trajectory arriving at 600 hPa showed similarities to those from the other 
sites experiencing convection (Fig. 2b ). Between 08 UTC and 11 UTC, the average PV value 
was 2.23 PVU. This enhanced value may have been due to diabatic effects since parcels 
were ascending and relative humidity (RH) values were increasing from 40% to 70%. 
Surface observations during this time showed overcast skies, and a 12 UTC satellite image 
showed a large cloud shield. The parcel followed the edge of the cloud shield, and this may 
explain the initially low RH values. 
Stratospheric air was not found to play a direct role in the convection at SUX, OMA, 
and OFK. However, there may have been stratospheric air entrained in the tropospheric air. 
In addition, some errors may be present in the trajectory paths. Bithell et al. [2000] 
investigated the sensitivity of trajectories and found that errors could be as large as 1000 km 
per day due to errors in the winds used for advection. Although they used a coarser 
resolution ( ~ 100 km) than the present study, likely accounting for the larger potential errors, 
it is possible that stratospheric air descended somewhat closer to the convection than our 
analyses indicate. 
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4. Total Ozone Comparison 
The total ozone data for a section of one orbit can be seen in Fig. 7a. The total ozone 
clearly shows a streamer-like form with the center wrapping up in central Nebraska 
comparable to the PV in Fig. 4c. The reflectivity, measured by BP/TOMS at 360.4nm, is the 
percentage of solar radiation that is not absorbed or transmitted (Fig. 7b ). The brighter 
features represent cloud-covered regions with higher percentages of reflectivity. Thus, 
brighter reflectivity indicates higher and thicker cloud cover. When there is cloud cover, the 
TOMS algorithm adjusts total ozone values using cloud heights based on a climatological 
data set from the International Satellite Cloud Climatology Project [Hsu et al., 1997]. 
Although the TOMS algorithm can have errors in adjusting the total ozone for anomalous 
cloud heights with strong thunderstorm anvils [Olsen et al., 2000], errors in general are 
thought to be minimal [McPeters et al., 1998]. 
A comparison of the reflectivity data and the IR satellite image (Fig. 2a) shows good 
agreement. Regions of low reflectivity match up fairly well with dry descending air that was 
shown earlier in the trajectories (Figs. 5a-f, and 6a and b). The dry stratospheric air 
descending within this region matches well with the band of higher total ozone. It can be seen 
that the highest values of total ozone in central Nebraska match the spiral feature of low 
reflectivity associated with the descending dry air. It should be noted that neither the 
reflectivity nor the total ozone data cover the easternmost portion of the cyclone due to the 
track of the satellite; however, this region is outside the focus of this paper. 
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4.1 Total Ozone and Geopotential Height 
A good correlation has been found previously between total ozone and upper-
troposphere geopotential heights on both the synoptic scale [ see, for example, Stanford and 
Ziemke, 1996 and references therein] and mesoscale [Olsen et al., 2000]. Olsen et al.[2000] 
found in a study of another intense Midwest cyclone that heights below 600 hPa did not 
correlate as well because the fold in that case did not extend below 600 hPa. Since the 
trajectory analyses show that parcels of stratospheric origin reached pressures as low as 800 
hPa in the present case, agreement might be expected between the high total ozone and 
geopotential heights through much of the troposphere. Reasonably good agreement can be 
seen at 800 hPa in Fig. 8a, especially to the west and_south of the Nebraska total ozone 
maximum where height contours roughly parallel the ozone gradient. Note, however, that the 
height contours at 400 hPa (Fig. 8b) agree more favorably with the tighter gradient at the 
southern edge of the total ozone. At 200 hPa, the height contours no longer correspond to the 
total ozone in central Nebraska (Fig. 8c). 
Both the 800 hPa and the 400 hPa height fields suggest a possible south or southwest 
bias in the RUC analyses (which are influenced by previous RUC forecasts), the highest total 
ozone being displaced 100 - 200 km northward from the lowest heights. Although the total 
ozone maximum may be due in part to dynamics in the upper atmosphere, sequential analyses 
and forecasts during the event suggest an error within the RUC and Eta model output. 
Throughout the day successive RUC and Eta model runs slowly moved the track of the low 
pressure northward. In spite of the northward shift, however, the models did not precisely 
depict the location of the surface low pressure. The model's southward bias also caused 
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problems in forecasting the regions at highest risk for severe weather. At 13 UTC, the Storm 
Prediction Center (SPC) forecasted a high risk of severe weather for eastern Missouri. By 20 
UTC, the SPC high risk region was moved northward to western and southern Iowa, in 
association with the model's northward shift in cyclone track. These results suggest the 
possibility of using total ozone as an additional source of information that could help 
forecasters note spatial model errors; analyses could be adjusted to show the true location of 
important meteorological features. 
Although the high total ozone values in central Nebraska correlate well with the 
height contours, the heights in eastern Montana do not. In fact, this region represents an area 
of strong diffluence for all pressure levels below 200 hPa. For a majority of the pressure 
levels, the winds, and thus heights, show a splitting pattern in which some flow diverges 
south toward Colorado, wraps cyclonically over central Nebraska, and then flows 
anticyclonically toward North and South Dakota (not shown). The flow north of Colorado is 
directed toward central Montana and into Canada (not shown). 
Tropopause heights overlaid on total ozone (Fig. 8d), suggest the high ozone in 
eastern Montana corresponds with a tropopause pressure of 250 hPa. A tight gradient in 
pressure can be seen near the southern edge of the folded region in Kansas and Nebraska. A 
tropopause height of 550 hPa is located to the southeast of the highest total ozone, in the 
RUC depiction of the fold. The displacement may indicate a spatial error in the analyses. In 
addition, the relatively coarse resolution of the RUC analysis limits the vertical extent of the 
tropopause fold, as will be shown later in a comparison of the total ozone data with the 
higher-resolution Eta model forecasts. 
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4.2 Total Ozone and PV on isentropic layers 
The total ozone and PV in the 315-320 K, 320-325 K and 325-330 K isentropic 
layers is shown in Figs. 9a-c. In the 315-320 K layer (Fig. 9a), the 4 PVU contour is slightly 
southeast of the largest total ozone .. The 2 PVU contour does not correspond with the high 
total ozone in eastern Montana because the 315-320 K layer does not reach into the upper 
levels of the troposphere. The 2 PVU contour on the border of Montana and Canada can be 
seen because the isentropic surface here is elevated above 300 hPa (Fig. 4b). 
In the 320-325 K layer, the 7 PVU maximum in central Nebraska is slightly south of 
the total ozone (Fig. 9b ). Northward, a small region connects the northern and southern 
portions of the fold. The higher isentropic layers show more similarity between the total 
ozone and PV fields in eastern Montana because the isentropes are higher in the atmosphere. 
However, the 8 PVU maximum is shifted slightly to the west of the high total ozone within 
this region. A sharp gradient in the total ozone extends diagonally through central Montana 
on the west side of the maximum coinciding with a corresponding gradient of PV. This is 
evident in both the 325-330 K layer (Fig. 9c) and the 330-335 K layer (not shown). 
In all the isentropic layers discussed (Figs. 9a-c ), the high PV values correspond 
reasonably well (apart from the small spatial shift) with high total ozone values in central 
Nebraska. In a similar study, Olsen et al. [2000] described this region as an ozone 'hook'. 
However, in their study the PV did not correlate as well with total ozone in the center of the 
hook region as in the present study. 
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4.3 Vertical Cross Sections 
For the vertical cross sections to be discussed in this section, the PV field is linearly 
interpolated to the total ozone horizontal grid. All cross sections shown are taken from 30°N 
to 50°N. 
4.3.1 Total Ozone Comparison with an 80km RUC analysis 
A vertical cross section fro~ the RUC analysis is shown in Fig. 10, corresponding to 
track e (Fig. 1 la). The 2 PVU contour identifying the tropopause fold reaches to 650 hPa. 
The darker solid line in Fig. 10 is the total ozone for the same cross section with DU noted on 
the right side of the figure. There are two main peaks in total ozone near the fold, centered 
near 41 ° N and 43.5°N. 
The rapid increase in total ozone from 36°N to 40°N can be understood from Eq. (1). 
Stratospheric air should contain relatively high values of both PV and ozone mixing ratio. If 
diffusion and mixing processes are unimportant, the PV contours in Fig. 10 can be used to 
visualize contours of ozone mixing ratio. On this basis, Eq. (1) predicts that total column 
ozone should be expected to increase in a manner similar to that observed in Fig. 10. Using 
PV as a surrogate for ozone, the peak between 39°N and 42°N seems to be due to the 
contribution of ozone from lower altitudes. An elevated pocket of ozone (PV) at 150 hPa 
may also be adding to the contribution of total ozone in this maximum. 
The peak in total ozone at 43.5°N does not seem to be associated with an identifiable 
feature in the PV field. As will be seen in the next section, the disagreement appears to be 
due to inadequate horizontal resolution in our RUC analysis. The total ozone data captures 
finer-scale features than the coarse RUC analysis. We next compare the total ozone data with 
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higher resolution model output from an Eta model run. 
4.3.2 Total Ozone Comparison with 40km Eta model 
Vertical cross sections from the Eta model 6 hour forecast valid at 18 UTC are shown 
in Figs. I I b-e, corresponding to the tracks in Fig. 11 a. The forecast errors associated with the 
6 hour forecast appear to be relatively small, as model output agrees reasonably well with the 
available observations. More detailed structures can be seen in the 40 km resolution Eta run 
compared to our RUC output. Examining cross section b (Fig. I lb), total ozone increases 
rapidly northward, by over 40% from 35°N to the first peak at 40°N. The increase is due to 
high ozone values in the lower troposphere. The fold extends from 200 hPa down to 800 hPa 
at 33°N. The parcel trajectories arriving at 800 hPa (Figs. 5c and d) are additional evidence 
of the pronounced stratospheric intrusion. The peak at 40°N can be seen as a contribution of 
low level ozone (using PV as a surrogate for ozone to a first approximation), and two pockets 
of higher-level ozone (at 300 hPa and 150 hPa). Another total ozone peak at 42°N may be 
attributed to the ozone (PV) increasing at the higher levels (100 hPa to 200 hPa), as well as a 
pocket of ozone (PV) slightly above 300 hPa. 
The 1ow:-level PY from 39°N to 45°N is not contributing to the two total ozone peaks. 
By examining the mid-level PV and total ozone, it can be seen that there is a decrease in 
both in this region. Recall from Eq. (1) that low altitude ozone mixing ratio will contribute 
more to total ozone than higher altitude ozone of the same magnitude. Therefore, since the 
low level PV does not correlate with the total ozone, it is likely generated by diabatic effects 
in the lower troposphere. Supporting evidence can be seen in the reflectivity data (Fig. 7b) 
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and the IR satellite image (Fig. 2a), both of which indicate cloud cover in western Nebraska. 
fu addition, the RH values were examined and found to exceed 80% (not shown). Thus, it is 
likely that diabatic (cloud condensation) effects cause the high values of PV at these low 
altitudes. 
fu cross section c, just west of the total ozone maximum (Fig. l lc ), fine-scale 
structure is evident in the lowermost portion of the fold from 34°N to 39°N. The double peak 
structure in total ozone around 40°N-42°N appears to be due to the contribution of enhanced 
ozone mixing ratios in stratospheric air in a multiple fold structure. The primary fold in Fig. 
l lc extends down to 750-800 hPa near 35°N. A secondary fold is seen near 500 hPa and 
41 °N. The enhanced PV at low altitudes near 41 °N-44°N is thought to be diabatically 
generated in the troposphere. Examination of RH reveals that stratospheric air extends down 
to 500 hPa here. The tropospheric generated PV has RH greater than 80%, whereas at 500 
hPa and above RH is low. 
futeresting tube-like features extend from track b eastward to track d at 200 hPa 
(around 42°N). Another tube of PV can be seen slightly below 500 hPa (around 37°N) 
extending from track c eastward to track d. These "tubes" of PV have been discussed by 
several authors [Lamarque and Hess, 1994; Bithell et al., 1999; Olsen et al., 2000]. These 
tubes of PV correspond to localized ozone maxima that will enhance the total ozone [Olsen 
et al. 2000]. 
The cross section in track d (Fig. 1 ld) slices through the total ozone maximum in 
central Nebraska. As in Fig. 1 lc, the two peaks in total ozone near 40°N -42°N are attributed 
to the double fold structure. 
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The last cross section (Fig. 11 e ), taken just east of the highest total ozone, 
corresponds to the RUC cross section in Fig. 10. The impact of higher resolution model data 
is apparent when comparing Fig. 10 with Fig. 1 le, with more vertical variability evident in 
the higher resolution model output. (An additional sensitivity test using 22 km horizontal 
resolution found no appreciable changes in the intensity and vertical extent of the fold 
compared to the 40 km run, suggesting that resolutions of ~40 km may be adequate to resolve 
folds well.) The peak between 39° N and 42°N appears to be due not only to the low-level 
PV, but also to PV maxima at other levels. In the higher resolution model, the peak near 
43.5°N now appears to be associated with a pocket of high PV located at 200 hPa. The PV 
maximum at this level is part of the tube-like feature extending from the west in track b. 
5. Conclusions 
Trajectory and total ozone analyses for the severe weather event of April 8, 1999, 
detail complex cyclone structure. Although stratospheric air descends as low as 800 hPa, the 
descent occurs southwest of the region of convective initiation and ozone-rich air is not 
apparent at low-mid levels in the immediate vicinity of the convection at 18 UTC. 
Trajectories show the descending dry air is a combination of stratospheric and upper-
tropospheric air. The region of stratospheric descent, shown in the trajectories, matches fairly 
well with the region of higher bands of total ozone. Stratospheric air, present at 800 hPa over 
the Texas panhandle (34°N, 101 °W), marked the southernmost extent of the tropopause fold. 
Trajectories southeast of the total ozone maximum, near the center of circulation (41 °N, 
99°W), showed descending stratospheric air and ascending tropospheric air converging at 
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mid levels near 700 hPa. 
Stratospheric air was found to play a direct role in the severe weather to the southwest 
not associated with thunderstorms. An examination of PV in parcel trajectories in parts of 
northeast Kansas and the Texas-Oklahoma panhandle region showed that stratospheric air 
descended to below 700 hPa in these areas around the time damaging winds were reported. 
The development of the daytime convective boundary layer facilitated mixing the rapidly 
moving stratospheric air downward to the surface. These findings are similar to Browning 
and Reynolds [1994] who proposed a method for forecasting damaging surface winds by 
predicting the descending PV at the 2 km level. 
Purely stratospheric air was not found, in the present study, to directly affect the 
thunderstorms in the severe weather area. However, a cursory investigation of another case 
(May 15, 1998) showed stratospheric air in the immediate vicinity of severe thunderstorms, 
implying a direct role in the severe storms. Although the parcel trajectories in the present • 
study showed average PV values exceeding 2 PVU for a three hour period prior to 12 UTC, 
relative humidity, surface observations and satellite imagery suggest that this increased PV 
was diabatically-generated. Dry air near the convection around OFK, SUX, and OMA was 
found to be a combination of descending upper tropospheric air and ascending lower 
tropospheric air from arid regions to the southwest. However, stratospheric air descended to 
levels around 700 hPa within 150-200 km southwest of the severe weather events, suggesting 
that stratospheric air may have been entrained within tropospheric air. In addition, some 
errors may exist due to inadequate data resolution. However, model output did not suggest 
speed errors in the simulated movement of the cyclone, and the general agreement of both 
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isentropic and full 3D wind-based trajectories with the PV evolution suggests that any errors 
were not large. 
The total ozone data may provide a way to verify models and to assist in determining 
the origin of air parcels. fu this study, a RUC analysis demonstrated the capability of total 
ozone data to capture the detailed structure of mesoscale features. The total ozone also aided 
in determining whether PV was of stratospheric origin or if it was diabatically generated in 
the troposphere. 
Many authors have discussed the possible use of total ozone as a forecasting tool. 
Shapiro et al. [1982] proposed that ozone could be used in nowcasting the upper tropospheric 
flow location and intensity. Ravetta et al. [1999] discussed the possibility of assimilating 
ozone fields into meteorological models. Davis et al. [1999] developed a technique using 
total ozone data to derive a three-dimensional PV field that can supply thermal and velocity 
data via the invertibility principle [Hoskins et al., 1985]. Dernirtas and Thorpe [1999] 
compared water vapor images to modeled PV fields and identified mismatched regions. They 
adjusted the PV field based on water vapor images and showed that the short-range forecast 
could be improved. Although they used water vapor data, a similar technique could be 
considered using total ozone data. fu this case, for instance, the RUC analysis and Eta 
forecast had a southward bias in the location of the cyclone. Total ozone data might allow 
adjustments in the model initialization. Successive operational RUC model runs throughout 
the event studied here (12 hour forecasts issued every 3 hours) progressively shifted the 
system northward in an apparent' attempt to correct the southward error. The analysis and 
forecast errors were evident in the total ozone data and may have improved the forecasting of 
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high and moderate risk regions for severe weather in this case. Additional research is needed 
to apply the technique using total ozone data. A problem with current TOMS total ozone 
data is that the polar orbiting satellite configuration allows observations of a given region 
only once per day, near local noon. A geosychronous TOMS would obviate this restriction 
and allow application of total ozone to short-range forecasting such as described by Demirtas 
and Thorpe [1999]. 
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Figure Legend 
Figure 1. RUC analyses for 12 UTC (a,b) and 18 UTC (c,d) on April 8, 1999. Sea level 
pressure (solid) is shown in a and c with contour intervals of 4 hPa. Geopotential 
heights (solid) with absolute vorticity (dashed) at 500 hPa are shown in band d. 
Contour intervals of 60 mare used for heights and 4 x 10-ss-1 for vorticity. 
Figure 2. GOES-8 a) infrared (IR) image of United States and b) visible (VIS) image of 
Nebraska-Iowa border at 18:15 UTC on April 8, 1999. 
Figure 3. RUC analyses at 12 UTC on April 8,1999 of potential vorticity (with 1 PVU 
contour interval) in the a) 315:320 Kand c) 320:325 K isentropic layers, and 
pressure (with 40 hPa contour interval) on the b) 315 Kand d) 320 K isentropic 
surface. Winds are overlaid on all maps using standard convention ( one full barb is 
5ms-1). 
Figure 4. RUC analyses at 18 UTC on April 8,1999 of potential vorticity (with 1 PVU 
contour interval) in the a) 315:320 Kand c) 320:325 K isentropic layers, and 
pressure (with 40 hPa contour interval) on the b) 315 Kand d) 320 K isentropic 
surface. Winds are overlaid on all maps using standard convention ( one full barb is 
5ms-1). . 
Figure 5. Backward trajectories over a 24 hour period ending at 18 UTC on April 8, 1999. 
Horizontal paths are shown for points at a) 42°N, 98°W; 41 °N, 100°W; 41 °N, 
98°W, c) 34°N, 101 °W, and e) 41 °N, 99°W. Time-pressure cross sections for a) 
shown in (b), c) shown in (d), and e) shown in (f). PV values <1.5 PVU are shown 
in red, between 1.5 and 2.0 PVU are shown in green, and 2.0 PVU are shown in 
blue. Time evolves from right (April 7) to left (April 8). 
Figure 6. Backward trajectories over a 24 hour period ending at 18 UTC on April 8, 1999. 
Horizontal paths are shown for points at a,b) 39°N, 97°W, c,d) 42°N, 96°W. Time-
pressurecross sections for b) shown in (a), d) shown in (c). PV values <1.5 PVU are 
shown in red, between 1.5 and 2.0 PVU are shown in green, and 2.0 PVU are 
shown in blue. Time evolves from right (April 7) to left (April 8). 
Figure 7. Earth Probe Total Ozone Mapping Spectrometer (EP/TOMS) measurements on 
April 8, 1999 of a) total column ozone and b) reflectivity measured at 360.4 nm. 
The local equator crossing time is 17:50 UTC. Total ozone is measured in Dobson 
units (DU = 10-5m at STP) and reflectivity as a percentage of incoming solar 
radiation. Contour values indicated on color bars. 
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Figure 8. BP/TOMS total ozone (color shading) overlaid with 18 UTC RUC analyses 
( contour lines) on April 8, 1999 for a) 800 hPa heights, b) 400 hPa heights, c) 200 
hPa heights, and d) tropopause pressure. Total ozone measured in DU with contour 
values indicated on color bar. Height contoured with intervals of a) 30 m, b) 30 m, 
and c) 60 m. Pressures contoured with d) 50 hPa intervals. 
Figure 9. BP/TOMS total column ozone on April 8, 1999 at 17:50:15 UTC overlaid with 18 
UTC ~UC analyses of potential vorticity in a) 315-320 K, b) 320-325 K, and c) 
330-335 K isentropic layers. Contours of total column ozone indicated on the color 
bar are measured in Dobson units. Contours of potential vorticity start at 2 PVU, 
with a 1 PVU interval. 
Figure 10. Vertical cross section of potential vorticity from 18 UTC RUC analysis along 
track e (de)?.oted by white line in Fig. 1 la) from 30°N to 50°N. Total ozone (thick 
solid line) overlaid. Contours of potential vorticity start at 2 PVU with intervals of 1 
PVU. The scale of total column ozone is shown in DU on right. Pressure is shown 
on the left. 
Figure 11. BP/TOMS total ozone on April 8, 1999 shown in a) with solid white lines 
denoting the tracks for the corresponding cross sections b-e. Vertical cross sections 
of potential vorticity from the 40 km Eta model valid at 18 UTC are shown in b-e. 
Total ozone (black solid line) is overlaid with measurements in DU scaled on right-
hand vertical axis. Contour of potential vorticity starting at 2 PVU with intervals of 
2PVU. 
a b 
C d 
Figure 1. RUC analyses for 12 UTC (a,b) and 18 UTC (c,d) on April 8, 1999. Sea level pressure (solid) is shown in a and c with 
contour intervals of 4 hPa. Geopotential heights (solid) with absolute vorticity (dashed) at 500 hPa are shown in band d. 
Contour intervals of 60 mare used for heights and 4 x 10-5s-1 for vorticity. 
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Figure 2. GOES-8 a) infrared (IR) image of United States and b) visible (VIS) image of 
Nebraska-Iowa border at 18: 15 UTC on April 8, 1999. 
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Figure 3. RUC analyses at 12 UTC on April 8, 1999 of potential vorticity (with 1 PVU contour interval) in the a) 315:320 Kand c) 
320:325 K isentropic layers, and pressure (with 40 hPa contour interval) on the b) 315 Kand d) 320 K isentropic surface. 
Winds are overlaid on all maps usfog standard convention (one full barb is 5ms-1). 
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Figure 4. RUC analyses at 18 UTC on April 8, 1999 of potential vorticity (with 1 PVU contour interval) in the a) 315:320 Kand c) 
320:325 K isentropic layers, and pressure (with 40 hPa contour interval) on the b) 315 Kand d) 320 K isentropic surface. 
Winds are overlaid on all maps using standard convention (one full barb is Sms-1). 
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Figure 5. Backward trajectories over a 24 hour period ending at 18 UTC on April 8, 1999. 
Horizontal paths are shown for points at a) 42°N, 98°W; 41 °N, 100°W; 41 °N, 
98°W, c) 34°N, 101 °W, and e) 41 °N, 99°W. Time-pressure cross sections for a) 
shown in (b), c) shown in (d), and e) shown in (f). PV values <1.5 PVU are shown 
in red, between 1.5 and 2.0 PVU are shown in green, and 2:: 2.0 PVU are shown in 
blue. Time evolves from right (April 7) to left (April 8). 
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Figure 6. Backward trajectories over a 24 hour period ending at 18 UTC on April 8, 1999. 
Horizontal paths are shown for points at a,b) 39°N, 97°W, c,d) 42°N, 96°W. Time-
pressure cross sections for b) shown in (a), d) shown in (c). PV values <1.5 PVU are 
shown in red, between 1.5 and 2.0 PVU are shown in green, and~ 2.0 PVU are 
shown in blue. Time evolves from right (April 7) to left (April 8). 
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Figure 7. Earth Probe Total Ozone Mapping Spectrometer (EP/fOMS) measurements on 
April 8, 1999 of a) total column ozone and b) reflectivity measured at 360.4 nm. 
The local equator crossing time is 17:50 UTC. Total ozone is measured in Dobson 
units (DU = 1 o-5m at STP) and reflectivity as a percentage of incoming solar 
radiation. Contour values indicated on color bars. 
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Figure 8. EPffOMS total ozone (color shading) overlaid with 18 UTC RUC analyses 
(contour lines) on April 8, 1999 for a) 800 hPa heights, b) 400 hPa heights, c) 200 
hPa heights, and d) tropopause pressure. Total ozone measured in DU with contour 
values indicated on color bar. Height contoured with intervals of a) .30 m, b) 30 m, 
and c) 60 m. Pressures contoured with d) 50 hPa intervals. 
45 
a b 
C Total Column Ozone (DU) 
244. 291. 337. 384. 430. 
. . . 
25 _:-:1:2.0 _-:--_t 
Figure 9. EPfTOMS total column ozone on April 8, 1999 at 17:50: 15 UTC overlaid with 18 
UTC RUC analyses of potential vorticity in a) 315-320 K, b) 320-325 K, and c) 
330-335 K isentropic layers. Contours of total column ozone indicated on the color 
bar are measured in Dobson units. Contours of potential vorticity start at 2 PVU, 
with a 1 PVU interval. 
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Figure 11. EPffOMS total ozone on April 8, 1999 shown in a) with so11e1 white lines 
denoting the tracks for the corresponding cross sections b-e. Vertical cross sections 
of potential vorticity from the 40 km Eta model valid at 18 UTC are shown in b-e. 
Total ozone (black solid line) is overlaid with measurements in DU scaled on right-
hand vertical axis. Contour of potential vorticity starting at 2 PVU with intervals of 
2PVU. 
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CHAPTER 3. EVIDENCE OF UPPPER TROPOSPHERIC RAPID PV 
. FLUCTUATIONS DUE TO DIABATIC AND DIFFUSIVE PROCESSES 
A paper to be submitted in the Journal of Geophysical Research 
Melissa A. Goering, William A. Gallus Jr., John L. Stanford 
Abstract 
Diabatic and diffusive processes are examined in a region having higher values of 
total column ozone with an apparent loss of potential vorticity (PV) in a severe thunderstorm 
event associated with a deep tropopause fold over central Nebraska on May 15, 1998. Earth 
I 
Probe Total Ozone Mapping Spectrometer (BP/TOMS) total ozone data, NCEP Eta model 
output, and Rapid Update Cycle (RUC) analyses are used to examine the event. Backward 
trajectories reveal complex processes aiding in the production and destruction of PV. Parcel 
trajectories in the upper levels imply PV generation due to jet streak dynamics. These upper-
level parcels experience a large increase in PV from tropospheric to stratospheric values. 
Shortly thereafter, PV decreases markedly due to diabatic effects. Lower-level parcels are 
influenced by both diffusive and diabatic effects. These parcels acquire stratospheric values 
of PV while on the cyclonic shear side of a jet streak. As they ascend, their PV increases due 
to latent heat release while below the level of maximum heating. These parcels also 
experience rapid destruction of PV after they ascend above the level of peak diabatic heating. 
The rapid changes in PV raise questions about possible cross-tropopause exchange. These 
results corroborate earlier work suggesting that parcel PV can undergo sizeable changes, both 
increases and decreases, as parcels traverse a baroclinic system. The results have significance 
for tropospheric-stratospheric exchange studies: isentropic PV alone is an insufficient 
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indicator of air mass origin and should be used in conjunction with chemical tracers such as 
ozone or water vapor. 
1. Introduction 
Cross-tropopause exchange is a subject of considerable current interest due to 
potential hazards when stratospheric air is drawn down near the surface and alternatively the 
introduction into the stratosphere of anthropogenically-produced, ozone-depleting chemicals. 
Potential vorticity is commonly used to investigate cross-tropopause exchange because 
stratospheric ozone-rich air is accompanied by high values of PV while upper-tropospheric 
air is accompanied by lower values of PV. The dynamic tropopause has been defined using 
PV values ranging from 1.0 PVU [Bithell et al., 2000; Hoskins et al., 1985] to 3.5 PVU 
[Hoerling et al., 1993; Spaete et al., 1994]. In the present study, stratospheric air will be 
defined using PV values~ 2 PVU, where 1 PVU = 10-6 m2 Kkg-1s-1. 
Previous studies have shown that a relationship between ozone and upper-
tropospheric PV exists [Danielsen, 1968; Vaughan and Begun, 1989; Allaart et al., 1993; 
Langford et al., 1996; Ravetta et al., 1999]. However, this correlation may at times 
disappear. In some events high concentrations of ozone exist with relatively low 
tropospheric PV values [Danielsen, 1968; Lamarque and Hess, 1994; and Bithell et al., 
2000]. In other cases, higher PV values normally indicative of stratospheric air have 'been 
observed in conjunction with weak or diluted ozone concentrations [Shapiro, 1980; Uccellini 
et al., 1985; and Ravetta et al., 1999]. Such events are thought to occur when parcels PV is 
created or destroyed by diffusive or diabatic processes [Shapiro, 1980; Beekman et al., 1994, 
Lamarque and Hess, 1994; Morgan and Nielsen-Gammon, 1998; and Bithell et al., 2000]. 
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Isentropic PV is only conserved in adiabatic and frictionless flow. In the PV tendency 
equation [Pedlosky, 1979] used by Lamarque and Hess [1994], 
dPV 1 (d0) V0 ( FJ --=-(Vxu+fk)•V - +- Vx-
dt p dt p p 
the first and second terms on the right hand side of the equation represent diabatic and 
diffusive effects, respectively. Here f is the Coriolis parameter, 0 is the potential 
temperature, F represents a frictional force and pis the air density. 
(1) 
Because the vertical component of the absolute vorticity generally dominates, the first 
term on the right hand side of Eq. (1) can be approximated as p-11188/Bz, where 11 is the 
vertical component of the absolute vorticity. 
Parcels entering a region of diabatic heating will experience an increase in PV while 
below the level of maximum heating where 80/Bz > 0 [Joly and Thorpe, 1989; Beekman et 
al., 1994; and Pomroy and Thorpe, 2000]. Once a parcel moves above the level of maximum 
heating, its PV is reduced in the 80/Bz < 0 region [Lamarque and Hess, 1994; Beekman et al., 
1994; Bithell et al., 2000; Pomroy and Thorpe, 2000; and Whitaker et al., 1988]. 
Diffusive processes can also generate PV. Shapiro [1976, 1978, 1980] discussed how 
turbulence was generated by vertical wind shear above and below a jet streak. Haynes and 
McIntyre [1980] and Keyser and Rotunno [1990] also discuss PV creation by turbulent 
mixing. 
The purpose of this study is to examine a derecho event ( deep convection producing 
damaging straight-line winds) that appeared to have high ozone concentrations 
unaccompanied by large PV values and discern the diabatic or diffusive processes that may 
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be responsible for the lack of correlation. The data and methodology are discussed in section 
2. Details of a derecho event on May 15, 1998, are given in section 3. Diabatic and diffusive 
processes will be examined using backward trajectories in section 4. Finally, a summary of 
results and discussion of the importance of1 diabatic and diffusive processes in stratospheric-
tropospheric exchange are presented in section 5. 
2. Data and Methodology 
2.1 Standard Meteorological Data 
The model analyses for May 15, 1998, at 12 UTC and 18 UTC are from the National 
Center for Environmental Prediction's (NCEP) Rapid Update Cycle (RUC) provided by the 
University Corporation for Atmospheric Research UNIDATA program. The RUC data are 
interpolated vertically to 19 evenly spaced isobaric levels between 1000 hPa and 100 hPa, 
from 40 vertical levels (a hybrid of sigma and theta) and interpolated horizontally to an 80 
km resolution grid. 
Cross-sections of PV are generated from a workstation version-of the NCEP Eta 
model [ e.g. Janie, 1994] run with 40 km horizontal resolution, 45 vertical levels and a model 
' ' 
top of 25 hPa. Lateral boundary conditions and the initialization for the ET A model were 
supplied from the 80 km RUC output. Backward trajectories use the ETA model output 
initialized with RUC analyses at 00 UTC and 12 UTC on May 15, 1998, and integrated for 12 
hours in both runs. Backward trajectories are determined for parcels at 18 UTC since the 
total ozone data are available near this time. 
The NEXRAD (NEXt generation RADar) national mosaic reflectivity images from 
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May 15, 1998, (from the National Climate Data Center) at 06, 09, 12, 13, 15, and 18 UTC are 
used to distinguish areas of potentially significant diabatic processes. Water vapor (WV) and 
infrared (IR) images (from the Space Science and Engineering Center at the University of 
Wisconsin) at 06, 12, and 18 UTC from the GOES-8 satellite are also used in identifying 
regions of diabatic processes. 
2.2 Total Column Ozone 
The total ozone data used in this study are from the polar orbiting Earth Probe Total 
Ozone Mapping Spectrometer (BP/TOMS) at an altitude of 750 km. The BP/TOMS scans 
from right to left in 3° steps, with a total of 35 measurements taken before beginning a new 
scan line. Each scan line is perpendicular to the direction of satellite motion. Total ozone 
fields used in the present study are from the BP/TOMS along-track, nongridded, Level 2 data. 
For further information, see McPeters et al. [1998]. The horizontal resolution is ~40 km for 
the nadir observations, degrading for increasing scan angles. Total ozone data from the 
equator crossing time of 17:31 UTC on May 15, 1998, will be compared with isentropic PV 
maps from the 18 UTC RUC analysis. 
3. Meteorological Analysis 
3.1 Evolution of System 
A derecho formed over the Texas and Oklahoma panhandle region late on the evening 
of May 14, 1998, and moved rapidly northeast causing damaging winds (>35 ms-\ tornadoes 
and hail (>4 cm) through Nebraska, Iowa, Minnesota and Wisconsin. The derecho was 
associated with an intense shortwave trough moving northeastward at 500 hPa (Fig. 1). A 
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surface low pressure system intensifieq during this time as it moved northeastward. 
Associated with the strong forcing, a squall line developed prior to 12 UTC, evident in the 
radar images at 06 UTC and 09 UTC (Figs. 2a and b) and moved northeast. An IR image at 
06 UTC (Fig. 3a) shows extensive cloud cover over the Central Plains. WV imagery 
depicted moist upper-tropospheric (~400 hPa) conditions (Fig. 4a) near the squall line in 
northern Texas. The 500 hPa trough over the Texas and Oklahoma panhandles at 12 UTC 
(Fig. la) was accompanied by a jet streak with 55 ms-1 flow at 300 hPa (Fig. Sa) and 50 ms-1 
flow at 500 hPa (Fig. Sb). An IR image (Fig. 3b) indicates the system m9ved to the northeast 
with dry air flowing into the Central Plains from the southwest (Fig. 4b) by 12 UTC. 
By 18 UTC, the system continued moving northeastward with strong upper-level 
dynamics inducing a 120 m drop in the 500 hPa heights over southeastern Nebraska since 12 
UTC (Fig.lb). Radar data (Fig. 2f) shows a doughnut-shape of the echoes over northeast 
Nebraska. Between 18 UTC on May 15, 1998, and 06 UTC on May 16, 1998, the system 
continued to intensify as it moved north through Minnesota into Canada. 
3.2 Total Ozone and Reflectivity Observations 
The total ozone and reflectivity measured from the EP/fOMS is shown in Fig. 6. The 
band of greatest total ozone (Fig. 6a) extends southward along the Montana and North 
Dakota border and wraps cyclonically in eastern Nebraska. In this paper, we will focus on 
the region of enhanced total ozone in eastern Nebraska. This enhanced total ozone suggests 
that stratospheric ozone-rich air has descended to lower levels here as implied by the 
relationship expressed by Ziemke and Stanford [1994], where total column ozone .Q is 
proportional to J pzdz, where pis density of air, Xis ozone mixing ratio, and z is geometric 
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height. From this relationship, ozone of a given mixing ratio at lower altitudes will 
contribute more to the total ozone, due to larger air density at lower heights. Total column 
ozone is generally expressed in Dobson units (DU), where 1 DU= 10-5m at standard 
atmospheric temperature and pressure. 
The reflectivity, measured at 360.4 nm, is the percentage of solar radiation that is not 
absorbed or transmitted (Fig. 6b ). Brighter reflectivity generally indicates higher and thicker 
cloud cover. The reflectivity data (Fig. 6b) and the IR satellite image (Fig. 3c) agree well 
despite a time difference of 35 minutes. 
3.3 Total Ozone and PV in Isentropic Layers 
Total ozone and PV in the 315-320 Kand 325-330 K isentropic layers are shown in 
Figs. 7a and b. These layers are near the tropopause in the fold region (Fig. 8b). fu the 315-
320 K layer (Fig.7a), the enhanced total ozone band in southeast Nebraska matches closely 
with the PV maximum (>5 PVU). Ho:wever, PV is not as well-correlated with total ozone in 
central Nebraska (the northwest section of the circular region). fu this area, the 315-320 K 
isentropic layer lies at roughly 440-480 hPa. The enhanced total ozone in central Nebraska 
appears to be a region in which high PV is absent in the lower- and mid-tropospheric levels. 
Enhanced PV in the 325-330 K layer (Fig. 7b) coincides with a portion of the total 
ozone band extending northward. Again, the relatively smaller PV values do not match the 
enhanced total ozone in central Nebraska. At higher levels, such as 330-335 K, PV does 
exceed 2 PVU over the region of enhanced total ozone (roughly at 320-280 hPa). The lack 
of correlation at lower altitudes may suggest that PV was being destroyed due to diabatic 
heating (latent heating) in central Nebraska. However, the enhanced total ozone here 
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coincides with a large pocket of PV (PV> 16 PVU) at even higher altitudes ( e.g., 250 hPa) 
suggesting that stratospheric dynamics may be playing a strong role. This is corroborated 
with the vertical cross section of PV taken over the central United States shown in (Fig. 8). 
The tropopause extends down to 700 hPa at 18 UTC (Fig. 8b). The area of enhanced lower-
level PV between 38°N and 43°N coincides with a region of cloud cover, consistent with PV 
being diabatically generated in this region. The complex vertical structure of PV at upper 
levels over Nebraska indicates a need for further examination to determine the impact of PV 
destruction associated with diabatic processes implied by extensive cloud cover and radar 
echoes (Figs. 3c and 2:t). 
4. Role of Diabatic and Diffusive Processes 
To understand the role of diabatic and diffusive processes on PV in this region, parcel 
trajectories were computed from the 40 km resolution Eta model output. The model output 
compared favorably with RUC analyses. Satellite and radar observations also supported the 
model output. Backward trajectories were computed using the three-dimensional wind field. 
A limited number of sensitivity tests found only small differences when isentropic 
trajectories were used. Backward trajectories for parcels over Nebraska at 18 UTC were 
examined for points on a one-degree latitude by one-degree longitude grid in central 
Nebraska. 
The horizontal position, vertical movement and PV tendency of parcels along their 
backward trajectories are shown for 41 °N, 100°W and 42°N, 100°W in Fig. 9, and 41 °N, 
99°W and 42°N, 99°W in Fig. 10. The trajectories shown are a small subset of the total 
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number of trajectories examined. Two groups of trajectories can be seen. The first group of 
trajectories (top two curves in Figs. 9c,d) remained relatively high in the atmosphere and 
followed a path from the southern Rocky Mountains southeast curving cyclonically around 
the base of the trough before moving northeast into central Nebraska by 18 UTC. These 
parcels appeared to be primarily influenced by jet streak dynamics. 
The second group of trajectories (the lower five curves in Figs. 9c,d) started out at lower 
levels ( ~600 hPa) from the southwest in Texas and ascended to higher levels ( ~300 hPa) as 
they slowly curved toward the north. These parcel trajectories evidence both jet streak 
dynamics and diabatic effects. These two groups of trajectories are elaborated upon in next 
the two subsections. A brief discussion of the difficulties in diagnosing stratospheric-to-
tropospheric and tropospheric-to-stratospheric exchange from the parcel trajectories follows 
in subsection three, along with a few remarks concerning diabatic destruction of PV. 
4.1 Parcels Influenced by Jet Streak Dynamics 
As stated above, one set of parcel trajectories remained at relatively high levels in the 
atmosphere and can be distinguished from the other trajectories (Figs. 9c,d and lOc,d). 
Examples of this behavior are the trajectories arriving at 18 UTC for 275 hPa (labeled 1) at 
all four points and at 285 hPa (labeled 2) from the two more southern points (Figs. 9a and 
10a). Examining the trajectory arriving at 275 hPa at 41 °N, 100°W (labeled 1), the parcel 
originated in north-central New Mexico at 06 UTC. The parcel at this time was extremely 
dry with relative humidity (RH) <20%. The parcel's low RH and large PV values (Fig. 9e) 
suggest it is of stratospheric origin. Also at this time, the parcel is west of the cloud-covered 
region associated with the development of the squall line (Fig. 3a). The radar data also show 
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the location of the parcel north of the region of weak echoes (Fig. 2a). By 09 UTC the 
parcels had moved to northeast New Mexico and remained behind the region of convection 
(Fig. 2b) indicating PV was not influenced by diabatic processes. 
It should be noted that somewhat larger short-term fluctuations in the PV can be seen 
around 06 UTC and 09 UTC (Fig. 9e ). These perturbations may be due to typical errors 
associated with trajectory analyses. fu addition, due to a slow bias in the 00 UTC Eta run, a 
slight shift of the data was done at 06 UTC and 09 UTC to improve continuity with the 12 
UTC run. This shift, along with the transition to the 12 UTC run, could lead to small-scale. 
fluctuations at these times. Pomroy and Thorpe [2000] also have stated that small-scale PV 
fluctuations could result from turbulent mixing due to a jet streak. In the present case, the 
parcel at 300 hPa was close to the primary jet streak at 09 UTC (not shown) and 12 UTC 
(Fig. 5a). 
The general increase in PV between 07 UTC and 14 UTC coincides with the parcel 
traversing a region with clear skies. It appears that the parcel remained on the cyclonic shear 
side of the jet during this period. For instance at 12 UTC, parcels in northern Texas (Fig. 9a), 
appeared to be on the cyclonic shear side of the jet (Fig. 5a). Parcels on this side of the jet 
streak would be in a favorable region for generation of PV due to strong wind shear. If PV is 
conserved, there would have to be cooling from above and heating from below to keep the 
PV from changing. However, if there is turbulent mixing, the cooler (warmer) air above 
(below) is getting mixed with warmer (cooler) air and the potential temperature cannot adjust 
as much as is needed for PV conservation. Thus, the PV increases [Haynes and McIntyre 
1987, 1990; Shapiro, 1976,1978]. The absence of cloud-cover at 12 UTC (Fig. 3b and 2c) 
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reduces the possibility of diabatic influences and provides supporting evidence for turbulent 
generation of PV. 
After 14 UTC, the parcel's PV decreases rapidly as it enters a cloud-covered region at 
~ 290 hPa (Fig. 9e ). Evidence of the cloud cover is provided by the satellite (Fig. 3c) and 
radar data (Fig. 2d,e,f). The Eta model output indicates high RH (>60%) at these times, in 
agreement with the satellite observations. Since the parcel entered the cloud at relatively 
high levels, it was likely above the level of maximum heating which, as shown in section 1, 
would act to decrease the PV, as seen in Figs. 9e,f and 1 0e,f. These findings are similar to 
the recent study by Pomroy and Thorpe [2000]. They found that tropospheric parcels 
increased their PV due to latent heat release when below the level of maximum heating. 
However, as the parcels ascended above the level of maximum heating, PV values rapidly 
decreased. The level of maximum heating in their case was roughly 500 hPa. In this case, 
that level varies slightly from 500 hPa to 450 hPa (seen in the following hybrid trajectory 
subsection). Variations in the level of maximum heating within convective systems can be 
seen in Gallus and Johnson [1991]. Their study found that the level of maximum heating 
could be as high as 300-400 hPa within stratiform regions of mesoscale convective systems, 
but would be lower in the more intense convective line portion of the system. In the derecho 
considered in the present study, deep convection dominates over stratiform rain, supporting a 
level of maximum heating in more agreement with the Pomroy and Thorpe [2000] results. 
The parcel arriving at 285 hPa at 41 °N, 100°W (labeled 2, Fig. 9a,c,e), has the same 
characteristics as the parcel arriving at 275 hPa (labeled 1). The parcel had RH <20% for the 
majority of the time period and appeared to remain on the cyclonic shear side of the jet, 
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where its PV increased rapidly until 14 UTC. The parcel also entered the cloud-covered 
regions at ~ 290 hPa, which was above the level of maximum heating. Like the parcel 
arriving at 275 hPa, this parcel retained its stratospheric characteristics. 
_ The parcels arriving at 275 hPa (labeled 1) from the other locations (Fig. 9d and lOc,d) 
are different in origin compared to the trajectories at 41 °N, 100°W. However, these parcels 
are also extremely dry with RH <20% at 06 UTC but their PV values were below 2 PVU 
(Fig. 9f and lOe,f). Although some authors might term these parcels as stratospheric, their 
PV is even lower when traced back to 00 UTC (not shown), supporting the idea of 
tropospheric origin. These parcels increase their PV from 06 UTC to roughly 14 UTC, with 
minor PV fluctuations at 09 UTC (Fig. 9f and lOe). After 14 UTC, PV is destroyed due to 
diabatic effects as mentioned above. However, these parcels appear to retain stratospheric 
values of PV, instead of returning to their original tropospheric values (Fig. 9f, and l0e,f). 
This may imply an exchange of mass between the troposphere and stratosphere and will be 
discussed in more detail in a later section. 
To summarize, these higher-level trajectories generally show an increase in PV between 
07 UTC and 14 UTC coinciding with the period in which parcels traversed a region of clear 
skies. The PV increase was apparently due to turbulent mixing in the strong wind shear on 
the cyclonic shear side of the jet. However, parcels' PV decreased when trajectories entered 
cloud-covered regions above the level of maximum heating. This destruction of PV is also 
seen in the lower-level trajectories discussed in the next section. 
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4.2 Hybrid Trajectories 
As mentioned earlier, parcel trajectories at lower-levels experience a mixture of diabatic 
and diffusive processes creating PV. These parcel trajectories come from relatively low 
levels in the atmosphere and are ascending for the majority of the time period from 06 UTC 
to 18 UTC (Figs. 9c,d and lOc,d). At 06UTC, the parcels that are located near the border of 
Texas and Mexico (Figs. 9b and 10b) and in southeast New Mexico (Fig. 9a) appear to 
represent extremely dry air with RH <20%, similar to the trajectories at the higher levels. 
Some of these parcels have PV values indicative of tropospheric, and others of stratospheric 
origin. The parcel trajectories located near southwest Texas at 06 UTC (Figs. 9a,b and lOa,b) 
are tropospheric and appear to experience a combination of diabatic and diffusive processes 
that generate PV during the 18 hour period. 
Parcels arriving at 285 hPa (labeled 2) and 300 hPa (labeled 3) at 42°N, 100°W have 
PV values below 2 PVU at 06 UTC, indicating tropospheric origin (Fig. 9f). These parcels 
increase their PV due to jet streak dynamics until 13 UTC. After 13 UTC, the parcels entered 
a cloud-covered region (Fig. 3b,c and 2d,e,f) above the level of maximum heating ( ~390 
. hPa). The parcel arriving at 300 hPa (labeled 3) returns to tropospheric characteristics (PV 
<2 PVU) in Fig. 9f. However, the parcel arriving at 285 hPa (labeled 2) retains its 
stratospheric characteristics (Fig. 9f), suggesting stratospheric-tropospheric exchange (STE). 
Parcels arriving at 300 hPa (labeled 3) and 310 hPa (labeled 4) at 41 °N, 100°W have 
PV values> 2PVU, indicating stratospheric origin (Fig. 9e). These parcels also increase their 
PV values due to jet streak dynamics until 13 UTC, as they too enter cloud-covered regions 
above the level of maximum heating (Fig. 3b,c and Fig. 2d,e,f). However, these parcels do 
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not undergo any apparent air mass exchange, as the parcels retain their stratospheric 
characteristics through 18 UTC. 
The parcel trajectory arriving at 285 hPa (labeled 2) for the point at 42°N, 99°W (Fig. 
1 Of) originated in the stratosphere and demonstrates the same increase in PV due to strong 
wind shear on the cyclonic side of the jet. PV is also destroyed after 13 UTC due to diabatic 
processes. This parcel differs from the previous trajectories in that the parcel appears to 
transition to tropospheric values of PV. This transition suggests STE. 
The true hybrid trajectories are those experiencing PV generation due to turbulent mixing 
prior to reaching cloud covered regions, as well as increasing PV from latent heat release 
below the level of maximum heating. Once the parcels rise above the level of maximum 
heating, their PV decreases. For the most part these parcel trajectories are below 500 hPa at 
06 UTC in Figs. 9c,d and lOc,d. These trajectories start out with low PV, characteristic of 
tropospheric values. But as the parcels pass through the cyclonic shear side of a jet streak 
(Fig. Sb) their PV increases due to turbulent mixing. Parcels th~n enter a region of cloud 
cover at 13 UTC (Fig. 3b) that has weak or scattered radar echoes (Fig.2c,d), further 
increasing the PV until the parcels rise above 500 or 450 hPa (depending on the trajectory). 
At 13 UTC or 14 UTC, the parcels PV peak (on average) no larger than3.5 PVU and then 
typically decrease back to tropospheric values similar to those present before. For instance, 
the parcel trajectory arriving at 310 hPa (labeled 4) for the point at 42°N, 100°W (Fig. 9f) 
shows PV values below 2 PVU at 06 UTC, indicating tropospheric origin. This parcel 
ascended from 600 hPa and is relatively dry (RH > 40% ), although in close proximity to 
cloud cover at 06 UTC (Figs. 3a and 2b). A gradual increase in the parcel's PV from 06 UTC 
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to 12 UTC appear to be due to jet dynamics. At 12 UTC, the parcel is located on the border 
of the Oklahoma panhandle and south-central Kansas (Fig. 9a). The parcel's location appears 
to be on the cyclonic shear side of the jet at 500 hPa (Fig. Sb). By 13 UTC, the parcel entered 
a cloud-covered region (Fig. 2d), but the parcel's PV continued to increase until 14 UTC 
(Fig. 9f). The increase below the 450-500 hPa layer is attributed to latent heat release while 
the parcel is below the level of maximum heating. By 18 UTC, the parcel's PV has 
decreased to tropospheric values again (Fig. 9f). 
In general, it is difficult to ascertain whether diabatic or diffusive processes dominate in 
changing parcel PV. However, a more rapid increase in PV generally seems to occur when 
the parcels reach cloud cover. This implied dominance of diabatic processes, at least in STE, 
agrees with Lamarque and Hess [1994]. However, Spaete et al. [1994] has discussed a case 
where diffusive processes dominated. 
4.3 Is There An Exchange of Air? 
It is uncertain if there is actual troposphere-to-stratosphere exchange for those parcels 
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going from tropospheric characteristics (PV < 2PVU) to stratospheric characteristics (PV 
remaining· >2 PVU) as seen in Figs. 9f, and l0e,f. Model-generated thermodynamic diagrams 
for points along parcel trajectories (not shown) suggest that some parcels do move from 
below the thermodynamically-defined tropopause to above it. However, one would need 
actual measurements of a chemical tracer, such as ozone or strontium, to more accurately 
determine if an exchange of air has taken place. The total ozone measurements in our case 
cannot by themselves clearly identify exchange. 
It is likewise difficult to assess if there is stratosphere-to-troposphere exchange 
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occurring. The parcel trajectory arriving at 285 hPa in Fig. lOf suggests stratospheric air that 
has its PV values destroyed by diabatic effects, leaving the parcel with tropospheric values of 
PV. These parcels are in the same location as the enhanced total ozone in central Nebraska. 
The limited number of trajectories in this case that show PV decreasing from clearly 
stratospheric to tropospheric values allows us only to speculate that STE may be occurring. It 
is more accurate to say that this case displays complicated interaction processes where PV is 
created either by turbulent mixing or latent heating below the level of maximum diabatic 
heating and destroyed above the level of maximum heating. Even though complete reduction 
from stratospheric values to tropospheric values of PV is not seen in some parcels, a 
significant loss of PV occurs in many parcels. Such is the case in the region of the total ozone 
maximum in central Nebraska where low PV are found in some near-tropopause levels (i.e. 
350 hPa). 
5. Conclusions 
This paper demonstrates the complexity of processes influencing PV in the upper 
troposphere. The derecho event that occurred on May 15, 1998, was associated with a region 
of enhanced total ozone in central Nebraska not accompanied by enhanced PV through a deep 
layer. Although significant PV was present at high levels such as 250 hPa in the region of 
enhanced total ozone, backward trajectory analysis found significant destruction of PV just 
below this level due to latent heating effects. 
Backward trajectories depicted parcels switching from typically tropospheric PV 
characteristics to normally stratospheric PV characteristics (which may or may not involve 
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actual air mass exchange), and for some parcel trajectories, back again to tropospheric 
characteristics. The parcel trajectories we investigated could be classified into two groups. 
The first appeared to be primarily influenced by jet streak dynamics. Parcels in these 
trajectories were concentrated on the cyclonic side of the jet streak. The parcels' PV values 
increased due to changes in absolute vorticity. Turbulent mixing is likely the underlying 
mechanism behind these increases in PV, because mixing does not allow the full adjustment 
necessary in potential temperature to conserve PV. When parcels entered cloud-covered 
regions above the level of maximum latent heating, PV decreased. 
The second group of trajectories could be thought of as hybrids experiencing PV 
fluctuations due to two different processes: PV was generated both by jet streak dynamics 
and also for a short period by latent heating below the level of maximum heating. 
Eventually, these trajectories also ascended above the level of maximum heating, with a 
consequent loss of PV. 
Many recent studies have focused on cross-tropopause exchange. Stratospheric-to-
tropospheric exchange has been of particular concern because 9f the potentially dangerous 
chemical constituents that can be mixed down to the surface. However, tropospheric-to-
stratospheric exchange can be important since some anthropogenically-generated chemicals 
cause particular harm in the stratosphere (such as ozone depletion). More studies observe 
stratospheric constituents in the troposphere with the primary mechanisms of exchange due to 
diabatic effects [Lamarque and Hess, 1994; Haynes and McIntyre, 1990; Keyser and 
Rotunno, 1990; and M. Olsen, personal communication] and diffusive processes [Spaete et 
al., 1994; Reiter, 1975;Shapiro, 1980]. The complicated interaction of processes shown in 
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the present study supports the need for further investigation of both types of exchange. 
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Figure Legend 
Figure 1. RUC analyses of sea level pressure ( dashed) and geopotential heights at 500 hPa 
(solid) on May 15, 1998 at a) 12 UTC and b) 18 UTC. Contour intervals of 4 hPa 
are used for sea level pressure and intervals of 60 m are used for geopotential 
heights. 
Figure 2. NEXRAD national mosaic reflectivity images on May 15, 1998 for a) 06 UTC, b) 
09 UTC, c) 12 UTC, d) 13 UTC, e) 15 UTC and f) 18 UTC. Brighter shades of gray 
indicate precipitating regions. 
Figure 3. GOES-8 infrared (IR) image of the United States for a) 06:15 UTC, b) 12:15 UTC 
and c) 18:15 UTC, on May 15, 1998. 
Figure 4. GOES-8 water vapor (WV) image of the United States for a) 06: 15 UTC, b) 12: 15 
UTC and c) 18:15 UTC, on May 15, 1998. 
Figure 5. ETA model analyses at 12 UTC on May 15, 1998 of geopotential heights (solid) 
and wind speed ( dashed) for a) 300 hPa and b) 500 hPa. Wind speeds are contoured 
with intervals of 5 ms-1, geopotential heights with intervals of 30 m. 
Figure 6. Earth Probe Total Ozone Mapping Spectrometer (EP/TOMS) measurements on 
May 15, 1998 of a) total column ozone and b) reflectivity measured at 360.4 nm. 
The local equator crossing time is 17:31 UTC. Total ozone is measured in Dobson 
units (DU = 10-5m at STP) and reflectivity as a percentage of incoming solar 
radiation. Total column ozone and reflectivity magnitudes indicated in gray scale. 
Figure 7. EP/TOMS total column ozone on May 15, 1998 overlaid with, and approximately 
15 minutes before, 18 UTC RUC analyses of potential vorticity in a) 315-320 Kand 
b) 325-330 K isentropic layers. Total column ozone magnitudes indicated on the 
gray scale are measured in Dobson units. Contours of potential vorticity start at 2 
PVU, with a 1 PVU interval. 
Figure 8. EP/TOMS total ozone on May 15, 1998 shown in a) with solid white line denoting 
the track for the corresponding cross section b. Vertical cross section of potential 
vorticity from the 40 km Eta model forecast valid at 18 UTC is shown in b. Total 
ozone (black solid line) is overlaid with measurements in DU scaled on the right-
hand vertical axis. Contours of potential vorticity start at 2 PVU with intervals of 2 
PVU. 
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Figure 9. Backward trajectories at 18 UTC on May 15, 1998 for points at 41 °N, 100°W 
(a,c,e) and 42°N, 100°W(b,d,t). a,b) show the horizontal path, c,d) the vertical 
movement and e,t) the potential vorticity change in time. Time evolves from right 
to left in half hour increments. Number labels referred to in the text valid for a, b, c, 
d, e, and fare shown in the legend in (c). 
Figure 10, Backward trajectories at 18 UTC on May 15, 1998 for points at 41 °N, 99°W 
(a,c,e) and 42°N, 99°W (b,d,t). a,b) show the horizontal path, c,d) the vertical 
movement and e,t) the potential vorticity change in time. Time evolves from right 
to left in half hour increments. Number labels referred to in the text valid for a, b, c, 
d, e, and f are shown in the legend in ( c ). 
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a 
b 
Figure 1. RUC analyses of sea level pressure (dashed) and geopotential heights at 500 hPa 
(solid) on May 15, 1998 at a) 12 UTC and b) 18 UTC. Contour intervals of 4 hPa 
are used for sea level pressure and intervals of 60 m are used for geopotential 
heights. 
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e f 
Figure 2. NEXRAD national mosaic reflectivity images on May 15, 1998 for a) 06 UTC, b) 
09 UTC, c) 12 UTC, d) 13 UTC, e) 15 UTC and t) 18 UTC: Brighter shades of gray 
indicate precipitating regions. 
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Figure 3. GOES-8 infrared (IR) image of the United States for a) 06: 15 UTC, b) 12: 15 UTC 
and c) 18: 15 UTC, on May 15, 1998. 
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Figure 4. GOES-8 water vapor (WV) image of the United States for a) 06:15 UTC, b) 12:15 
UTC and c) 18:15 UTC, on May 15, 1998. 
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Figure 5. ETA model analyses at 12 UTC on May 15, 1998 of geopotential heights (solid) 
and wind speed ( dashed) for a) 300 hPa and b) 500 hPa. Wind speeds are contoured 
with intervals of 5 ms-1, geopotential heights with intervals of 30 m. 
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Figure 6. Earth Probe Total Ozone Mapping Spectrometer (EP/TOMS) measurements on 
May 15, 1998 of a) total column ozone and b) reflectivity measured at 360.4 nm. 
The local equator crossing time is 17:31 UTC. Total ozone is measured in Dobson 
units (DU= lff5m at STP) and reflectivity as a percentage of incoming solar 
radiation. Total column ozone and reflectivity magnitudes indicated in gray scale. 
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282. 
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Column Ozone (DU) 
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Figure 7. EPffOMS total column ozone on May 15, 1998 overlaid with, and approximately 
15 minutes before, 18 UTC RUC analyses of potential vorticity in a) 315-320 Kand 
b) 325-330 K isentropic layers. Total column ozone magnitudes indicated on the 
gray scale are measured in Dobson units. Contours of potential vorticity start at 2 
PVU, with a 1 PVU interval. 
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Figure 8. EPfTOMS total ozone on May 15, 1998 shown in a) with solid white line denoting 
the track for the corresponding cross section b. Vertical cross section of potential 
vorticity from the 40 km Eta model forecast valid at 18 UTC is shown in b. Total 
ozone (black solid line) is overlaid with measurements in DU scaled on the right-
hand vertical axis. Contours of potential vorticity start at 2 PVU with intervals of 2 
PVU. 
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Figure 9. Backward trajectories at 18 UTC on May 15, 1998 for points at 41 °N, 100°W 
(a,c,e) and 42°N, 100°W(b,d,f). a,b) show the horizontal path, c,d) the vertical 
movement and e,f) the potential vorticity change in time. Time evolves from right 
to left in half hour increments. Number labels referred to in the text valid for a, b, c, 
d, e, and fare shown in the legend in (c). 
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Figure 10. Backward trajectories at 18 UTC on May 15, 1998 for points at 41 °N, 99°W 
(a,c,e) and 42°N, 99°W (b,d,f). a,b) show the horizontal path, c,d) the vertical 
movement and e,f) the potential-vorticity change in time. Time evolves from right 
to left in half hour increments. Number labels referred to in the text valid for a, b, c, 
d, e, and f are shown in the legend in ( c ). 
80 
CHAPTER 4. GENERAL CONCLUSIONS 
The usefulness of total ozone data to provide additional information to meteorological 
applications was explored in two severe weather events accompanied by pronounced 
stratospheric intrusions. 
The role of stratospheric air in the severe weather outbreak on April 8, 1999, was 
v 
examined using PV and total ozone data. Results suggest that stratospheric air played a 
direct role in the severe weather not associated with thunderstorms. The damaging surface 
winds observed in northeast Kansas and the Texas-Oklahoma panhandle region was 
attributed to the development of the daytime convective boundary layer facilitating mixing of 
the rapidly moving stratospheric air downward to the surface. The stratospheric.air had 
descended to ~ 700 hPa in the location of the observed damaging surface winds. 
The dry air near the convection around OFK, SUX and OMA was a combination of 
descending upper tropospheric air and ascending lower tropospheric air from the arid 
southwest region. Thus, pure stratospheric air was not found within the region of convection. 
However, stratospheric air descended to ~ 700 hPa within 150-200 km, southwest of the 
severe thunderstorms, implying that stratospheric air may have been entrained within the 
tropospheric air. 
The total ozone for the April 8, 1999, case may provide a way to verify models and 
assist in determining origin of the air parcels. A technique, similar to Demirtas and Thorpe 
[1999] where water vapor images were compared to modeled PV fields and mismatched 
regions identified, could be used to adjust modeled PV fields to match regions of total ozone 
data. For instance, the RUC analysis and Eta forecast in this case had a southward bias in the 
81 
location of the cyclone. Successive operational RUC model runs throughout the event studied 
here (12 hour forecasts issued every 3 hours) progressively shifted the system northward in an 
apparent attempt to correct the southward error. The analysis and forecast errors were 
evident in the total ozone data a:r:i-d may have improved the forecasting of high and moderate 
risk regions for severe weather in this case. Of course, additional research is necessary. A 
problem with current TOMS total ozone data is that the polar orbiting satellite configuration 
allows observations of a given region only once per day, near local noon. A geosychronous 
TOMS would obviate this restriction and allow application of total ozone to short-range 
forecasting in a manner such as that described by Demirtas and Thorpe [1999]. _ 
For the severe weather event on May 15, 1998, the total ozone data were useful in 
examining parcel origin and cross-tropopause exchange. This event was associated with a 
region of enhanced total ozone in central Nebraska not accompanied by enhanced PV through 
I 
a deep layer. Although significant PV was present at high levels such as 250 hPa in the 
region of enhanced total ozone, backward trajectory analysis found significant destruction of 
PV just below this level due to latent heating effects. Using isentropic PV alone would have 
incorrectly diagnosed the origin of some air parcels due to the generation and destruction of 
PV by diffusive and diabatic processes. 
The backward trajectories revealed complex processes influencing the PV of the 
parcels. Most of the parcels at upper altitudes were influenced by jet streak dynamics, and 
their PV increased as they moved through the region on the cyclonic shear side of the jet 
streak. The turbulent mixing was likely the underlying mechanism that increased the PV, 
because mixing does not allow for the full adjustment of potential temperature to conserve 
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PV. The parcel trajectories then lost PV when they entered cloud-covered regions above the 
level of maximum heating. 
The parcel trajectories at lower altitudes experienced PV generation through diffusive 
and diabatic processes. Generation of PV was not only due to jet streak dynamics, but also 
because these parcels entered cloud-covered regions below the level of maximum heating. It 
was not until they ascended above the level of maximum heating (500-450 hPa) that the 
parcels PV was destroyed. 
The total ozone data may also be useful in cross-tropopause exchange studies. Cross-
tropopause exchange is important because of the potentially dangerous chemical constituents 
that can either be mixed down the to surface or cause particular harm in the stratosphere 
(such as ozone depletion). 
Both of the severe weather events examined provide supporting evidence that total 
ozone can be helpful in meteorological applications. The potential use for model 
verification, the capability to distinguish parcel origin, and usefulness in determining areas of 
cross-tropopause exchange make the total ozone data extremely beneficial. 
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